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Results of one-dimensional time dependent calculations of geometrically

thin accretion discs boundary layms are presented for classical ‘1’l’auri

stars, for various values of M* (0.8, l. OMO), R* (1 .6, ‘2.15, 4.3}~) and M

(5 x 10-9 – 5 x 10-7  Me/y).  The results exhibit a thermal boundary layer

W;!, = 0.1 – 0.2R*  ) much larger than the dynan]ical  onc(@” x few pcrccnt),

with characteristic low tcmpcraturcs  (1’~~~ zs 5- 6 x 103K). In the regime of

a very low mass accretion rate characteristic of ‘J’’l’auri  systcxrns, the mid-plane

tell  lpcraturc  in the disc drops well below 104 K (a few w 103]{ at most), a very

sharp transition rcgioxl  separates the hot ionizccl  thermal boundary layer region

a]ld the cool neutral disc. For low value of the alpha viscosity prcscripticm

(CY = 0.01) the ]ncclium  is optically thin ill the COOI disc, and slightly  optically

thick in the hot thcrlnal boundary layer region. For hig]lcr  values of alpha

(a= 0.1 ) the optical depth in the boundary laytr region dcc] cases (T w 1) and

its tcmpcraturc  incrcascs  slightly, while tllc  disc bccomcs ]Jartially  ionized and

optically thicker (T > 1).

Subject headings: Accretion,  Accretion l)iscs - Stars: Y’orrnation  - Stars:
Prc-Main-Scqucncc
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1. I n t r o d u c t i o n

$knnc olmmaklc systcm, which have been associated with a central star accr-cting

matter fro]n  a disc, arc t}le T’1.’auri  stars. The ‘1’Tau ri are prc- m ain sequcncc stars accreting

]nattcr froln a disc, rclna,ncnt of the protostcllar  cloud. Observations show that the velocity

field of the circulnstcllar  gas exhibits a doubled-peak spcctru)]l  characteristic of a rotating

disc (Kocrncr,  Sargent & ]3eckwitll  1993; Kocrner & Sargc[lt 1995). In addition, t,hc
spectra of ‘J’rl’auri stars exhibit strong ultraviolet al Id infrarccl  cxccss  (when compared to

main scqucncc  stars of similar spectra] type) which can be matched with a standard thin

disc and boundary layer model surrounding the cc]ltral  star (Ilcrtout,  Baari  & Bouvier

1988; 1 lar~igan et al. 1989;  IIasri & Bertout  1989; llartigan  et al. 1991; Bcrtout et al,

1993). The spectra of 1“1’auri systems was flttcd  first wit}l sirnplc estimates of optically thick

bou])dary  layers widtl]s  and temperatures (Ilcrtout ct al. 1988; ]Iartigan  ct al, 1989) .

l,atcr on, estimates of optically thill  boundary layer (T = I ) were constructed to account for

the IIal[ncr  jump observed in tllc spectra of ]l]a]ly ‘1’’l’ami systm]is  (Ilasri  & Bcrtout  1989;

IIartigan ct a.]. I 991). With mass accrctiorl  rates of A; FX 1 - 100 X 1 O-g&fO/y,  “J’rl’auri
s tars  arc bclicvcd  to bc accrctillg young  stellar systc]ns ill quicsccl~cc.  ‘J’]Ic pcrturht, jon of

SUC1) low ]nass  accretion discs around a q’rl’auri star is pro]]cd  to ])roducc  tlic F’[J Orionis

bcllaviour  - outburst state of the accrcting you]lg  stellar object wit]l ~~ % 1 --30X] 0-5i14@)/y

(Cla rke ,  l,in & }]apaloizou 1989; Clarke, J,in & I’ri]lglc 1 990; lIc1l  & Lin 1994; Bell

ct al. 1 9 9 5 ) .  q’hc l~u Orio]]is  Lchaviour  (KcIlyoIl,  I Iartmann  & Ilcwctt 1988)  appear s

wllcllcvcr  the ~)crturbatiorl  is able to trigger the thcr  [nal iollizatio]l  instability, when tlw

disc ]I]id-])lanc  is ])artially  iol]izcd  at some intcrjllcdiate  radius (I,ill &, ])apaloizou  1985).

ILccmltly, Ilutncric.al  ]nodcls  llavc  been able to rcl)roduce  bot]l  tllc dylialnics al~d tl]c

t]lcrllla]  structure of the boundary layer. Onc-dimcllsional  steady-state calculations of
boundary layers were carried out for prc-mai]l stars (J]crtout & ltcgcv  1992; Popham  et

1a . 1 993; IJiourc  & I,c Contcl 1994; ll,cgev &, l]crtout 1995). ‘1’l]c opacity gap in the

low tcl[lpcraturc  rcgilnc  and tl]c  io]]izatiol~  proccsscs  were not takc]l  il]to account i!l tl~csc

II)odc!s, Inakillg  tllcxn,  tl]crcforc,  irladcquatc  to treat t]]c s]]arp  tra,[witio]l  bctwccn t]lc  c o o l

[lcutral disc and t}]c hot ionimd  bou]ldary  layer in tltc low lnass accretion discs around
‘1’’l’auri  stars.

More  rccclltly,  a ol~c-din~cnsional  time dc~)cl]dcl~t spcctlal code was used to ]nodcl

accrct,io]l  discs boulldary  layers ill various systclns  (Godon 1 995a; GodolI,  1{.cgcv & Shaviv

1995;  Godoll  1995b; GocloI~  1995c).  M o d e l s  o f  prc-r])ain  scqueIIcc  s t a r s  w e r e  colnputed
wit]]  all acc.rctil]g  star of Inass  M. =: 1 x 114@, radius  I{* =-- 4.3 x }{,c.), al]d lnass  accrctioll
rates of M =- .5 x  10-7 ---  1 x 10-4 J4@/~y (Godou 1 9931),  ~Ja]>cr 1). ‘1’}~csc  first calculatio]ls
wt’rc al)Jc to rcl~roducc  tl~c tc]n])craturc  al]d  wi(itli of Imui]dary  l aye r s  as cx]mctcd frol]l
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silli~)]c  iiis of t h e  olx+crvatio]ls  o f  ‘1’’l’tLUri and FU orionis stars (Ikxi,out  ct al. 1 988;

Jlartigall  CL al. 1989).  It is tllc purpose of the prcxcnlt work to llloclcl  tllc classical ‘1’’l’auri

star accretion disc boulldary  layer with low lnass  accretion rates (i14 == 1. – 100 x lo-- 9A40/y)

and small optical depth (7- = 1 in the boundary layer). Tile spectral code used in paper I

has been presently improved to treat lnorc  efficiently the lmrtially  ionized region  and t}le

transition between optically thick and optically thill  media. h[c~mover,  the nmncrical code

has been implcmcntcd  with the usc of a fourth order Rungc-Kutta  Irlcthod,  and a Modified

Chcbyshcw  Pscudospectra,l  Method (Kosloff & Tal-ltzer 1993).

‘1’hc  equations, assumptions, and the numerical method are clcscribed  in section 2. T}le

results are presented and cliscusscd  in scctio)l  3.

2. B o u n d a r y  I,ayer  M o d e l i n g

III this section wc give an overview of the numa ical  and pllysiczrl  assumptions made to

mode] accretion disc boundary layers. More details can bc found ill l}apcr  I as WCI1 as ill

Godoll  cd al .  (1995).

2.1. The govern ing  equa t ions

‘J’l]c  cquat,iolis  arc writt,cn  ill cylilldrica] coordillates  (7, ~~, z ) ,  u[ldcr  tl~c assu~l~l)tion

of axi-sylnlnctry  d/aq’J == O, and they are intcgrat,cd in the vcrtic.al direction. ‘1’hc disc is

further assu]ncd  to bc geometrically thin and in hydrostatical equilibriuln  in the vertical

dircctiml. ‘1’llis  stalldard  assunll~tions  lead to the vertical tllickt]css  of the disc ]~ = cs/f)K.

A 11 the equations are time-clcpcndcnt, they include the gravity of the accretil~g  star,

viscosity, alld  radiative transfer (ill l~otll  the vertical arid radial  direction). ‘J’hc cquatiolls

have tllle followil)g  form:

tile  collscrvatioll  of ln~ss
dp——
31

== ---:: ;;(?’pvr ), (1)

tllc  collscrvation  of radial lnolnclituln

;i(pvr) == --; ~, [r(p?); --
R@~, (1’A4 81’

ltrr)] -{- rpw – ----- - p--# ---- ~tt ,-.— (2)

[l~c ct)l}scrvatioll  of allgular ]noIncl)tl]]n

(3)
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m]d tile collscrva,tioll  of energy

;&d  ‘ ‘;;;,+’W) – {;;:(w) -{ @ -- A, (4)

wll(!rc  v, is Llle radial velocity, Cl is Lhc angular vcloc.ity, G’ is tllc  gravity constallt,  M is the

lnass  of the star, 1’ is the mid-plane tcmpcra,ture, p is the clcnsity  and P is the pressure.

‘J’hc energy is givcll  by
47ru

pc = ~~pT + XJ]H+ + ~,
2 /1

where 7“ is the gas const,ant,p  the mean molccu]ar  weight, X}l is the ionization potential of

t}lc 11 ydrogcn,  11+- is the IIumbcr  of 11 ydrogcn  ions pcr unit volunlc,  c is the speed of light,

and u is the energy duc to radiation (see  section 2.2.1 cquatioll  S). ‘J’he  Reynolds stress

tcllsor  is dcflncd as lfij == 2~/)l~ij,  v is the cocfllcient  of the viscosity (SCC sectioll  2.2.4) a n d

]~ij  is t}lc deformation tcllsor.  ‘J’l~c dissipation] fullci,ion  is given by

@ == 2b’p(/):, + D:,+ + D;z + ‘w;+ -{- 21):{, -1 21):,), (5)

aIId tlIc c]cn)cnts  of tl]c deformation tensor arc J),. == d?&/8r,  1)~,+, ~ vr/r’,  ])r~ == ;7@fl/aj,

1).2 :-“ I)rz =- llz~ = o.
‘J’]lc! )C!ak of cllc!rgy  due to racliat,ioll is obtained through tl]c rel:Ltioll

wl~crc tl~c fluxes of cllcrgy l’; w)d I{ ~ arc given in section  2.2.1.

2.2. ‘l%e physical assumptions

in tlic present work, some of the physical assuml)tions  (made in paper 1) have been

il~l~)roved.  ‘J’hc  m]crgy  I1OW illc.ludcs a term for tllc ionization Jmtcntial of the IIydrogcn.

l“urtlwrlnorc,  the trcatlncnt  of radiation, in t)lc transition rcgioll  bc!twccn  optically  thick

and  ol)tically thin, has been  iln~)rovcd.

111 (l]c ]ixnit  o f  aI] o~)tical]y tijick  Incdiu[n tllc  vcrtica] flux of t’llcrgy cwl bc writtcrl
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WIICIC 7 :: Kpll is the optical depth, K is the opacity, and  wc havc sutjstitutcd  8Y’/8z w 1’/11.

III tltc  litllit  of all optically t})in medium one expects tlIc  flux to Im given by

where TO is t]lc absorptive optical  depth Ta == tiapf~, and K ~ is tllc  absorptive opacity. A

convcllicnt  approximation which treats  smoothly the tl ansition  bctwccn optically  thick and

optically thin is given by  IIubcny  (1990)

For the radial flux wc define T, == Kpll,  - the optical dcptll  ill the radial direction,

T~~ == K~pll~ - ihc absorptive optical depth,  and I]r = ‘1’ (81’/  8?’)- 1 - the temperature scale
hcigllt  in the radial direction. ‘1’hc fluxes of energy are then writt,cr)

r ,4
](;, =, 4ac

1
— . .

3 ~i3/~3”iz j3;;a “

‘1’llc IIICaII intensity of the energy radiation is obtained through tllc  approximation

(7)

(8)

wllcrc  11 =- acY’4/47r is the value of u corresponding to black  body ] adiation. In the optically

tl)ick  regill)c u -~ 11 = acl’4/4n,  while in the optically thin rc.gi~nc u -+ O.

2 .2 .2 .  7’ILc cqucrtio~2s 0{ s ta te

III all the models prcscntcd  }Icrc, the tclnpcratu  rc and tllc  density vary by several

orders  of ]nagllitudc.  At very low tcmpcratums  (1’ < 1041<) tllc  lIydrogcn  gas is  neutral ,

w]li]c at )}ig]lcr tc]npcraturcs  the gas bccomcs  ionized and radiaiioll  pressure might bc

iIllportalit.

‘1’1]{:  Sal~a cqua.tion  is used to dctcrlnincd  the dcgrcc of iollimtioll.  ‘1’IIc effect of tllc

I)a[ tial io]lizatioll  OII tl]c  lJrcssufc  and energy arc of llic  Order of 7: 1. ‘1’l)c ljartial  ionization

aflccts  lllaillly  the opacity by the ~)rcsencc the “gap” a julnl)  of several orders of magnitude

ill tlic  ol)ac,ity (see scctioll  2.2.5).
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‘J’llc  equation of state is given by:

1’ == !$?7’  + ~;’ ,
JL

wllcrc  u is givcnl  ill equation (8).

,2.2.3. initial and boundary  conditions

Wc place the inner boundary of the computational dornaill  at the stellar surface

(r=. IL) a~,d allow matter to flow into the star at a constant rate (M). Wc furthermore

consiclcr  a non flux boundary condition d~/dr = O at the inner  boundary. At t}lc outer

boundary of  tllc colnputational  domain (r = 21t.  ) w{: impose a stal]da.rd  Kcp]crian thin

disc. ‘1’hc :nattcr  enters tllcwgh  tllc outer boundary  at the same rate as it flows t]lrough the

ilillcr houlldary  illto  tllc stellar surface (M).

‘1’hc il~itial conditions arc the superposition of an isotl~crll~al  abnosl)hcrc  and an

i]lflowing tllill  l{cplcrian  disc.

2.2.4. Viscosity prescription

III tl]c  calculations, wc usc a viscosity of tllc fornl:

s ==: CYCJ7, (9)

where C: = l)/p  is the sound speed, ~1 == (}1-”2 + lI;,2)–1/2  and IIl,r is the pressure scale

hci.gilt in the radial direction ]]1,, == ~’(d}’/8r)-1. l?or high radial irlfa~} Velocities, the scale

hcigllt  11 call be written (1’alm 1):

11 = ------------- ~ ----- ––2–-~,~- .

[,,.,;, (:.$;$:.]]
(lo)

‘J’llis  ])rcscriptio]l  leads to a viscosity which dccreascs with illcmasil~[\  v,, a]ld drops by

several orders of ll)agllitudc  i]] tlm  region C1OSC to th(: stellar surfzzcc where t]lc  pressure

gradicllt  is lligll aIId i,l Ic radial scale llcigllt  is sIIIallcI  than tlIc vc]tjical  ollc. SoInc  Inodc]s
with Iargc values of o still l~avc ZL tendency to dcvclo})  very l~igll  radial velocities. Wc found

out ttlat for 0 ~ 0.2 t,llc  Iadia] illfall velocity reaches su~)crsollic va]ucs.  l“or a % 0.1, tllc
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radial  velocity might take supersonic values, but as it approacllm  stcacly-state it bccomcs

subsoIlic.

l“or stability reasons, we choose in some models v, = 3v. ‘1’his  ensures that the models

rcachc smoothly the steady state, while local oscillations (of M ) decay  more quickly. This
co]ldition  is t,hcn rcplacc by v, = v, as the models approach steady sta.tc.

2.2.5. The opacity law

‘1’hc opacity is an important ingredient in the modeling of accretion discs. An abrupt

jump in the opacity occurs around ~’ w 104 (due to tllc transition froln  ionized to neutral

Ilydrogcl})  and cllangcs  drastically tllc nature of disc: it gives ris(!  to thcrlnal  instability

rcspollsiblc  for the outbursts seen in K’U Orionis  stars. III these systwns  the “jump’ ) appears

in tllc ionization front located at several stellar radii (Bell ct al. 1995), In cooler discs

(with sllla,llcr  nlass accretion rates), OIIC expects the iollizatioll  front to bc located at smaller

radii, not- very far from the stellar surface and the llottcr  111,. It is, tllcrcforc,  important to

illcludc  tl~c exact o})acity  law in models of acc.rction  clisc  131, aroulld  YSOS and especially

around  tllc “cooler” ‘1’’J’auri  stars. ]n previous works (steady--state calculations of l)ophalll

ct al. 1993 and l,iourc & l,c Contcl 1994) the opacity gap was not included in the opacity

law.

111 Lllis work tllc a]lalytic.al  form of the opacity used was first dcvclo})cd by ],in and

l)apaloizou  (1985),  and then implelncnted  (ill the rallgc  ~’ < 3000K) by Bell and I,in

(1 994).  ‘1’l)c opaci ty (frcqucu)cy  a,vcragcd)  is writtcll

K z lCi~Oil’bi  , ( 1 1 )

wllcrc i :-= 1 ,..8 accounts for eight diflcrcnt  rcgirncs  of tcmpcraturcs  aud  densities (SCC Dell

and ],in 1994 for lllore  details). ‘J’hc opacity “gap”  occurs aroul]d  7’::  104K for practically

all dcllsitics.

2.3. The numerical ]nethod

‘1’llc ]Iulllcrical  ]nct]lod  used  in this work is a ti]nc-dcpc])dc]lt  Cl)cbys]lcv  spec t ra l

nlctl~od  dcvclopcd  to treat astrophysical flows (GodoIl  & Sl~aviv  1993). ‘1’his  mctllod  has

LCCJI  i]]ll)lcl]lcl]tcd  ICCCIILIY t,o Lrcat accretion disc I)oulldary  layers,  and  d e t a i l s  can  bc

foulld  ill (locloII ct a l . (1 995). ‘]’hc spatial dcpcndcl]cc  of tile  equations is treated with

tllc  usc of a (;llcbysl)cv  ]nct]lod of collocation], wl]ilc t llc tc]llporal  scl}t:lnc  of tllc equations
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llas now lwc~~ furtl]cr ilnprovcd  with the

]]icthod. ‘l’l]c  Illcthod  makes  usc  of Fast

usc of all explicit fourth order  Rulgc-l<utta

l“ouricr  ‘J’ransforlns  aJId spectral filters. ‘1’llc

boundary colldit,ions  (section 2.2.3) arc irnposcd dircct,ly  oI~ tllc characteristics of the flow

at the boundary, ensuring thcrcforc that no oscillations (or illstabilitics)  emanate from

the boundary. ltn~~lclnclll,atiorls  of the code, in the in-escnt work , in c1 udc the fourth-order

ltungo-}~utta  temporal scheme, and the usc of a ncw differentiation operator. ‘1’hc ncw

diffcrclltiat,ion  operator (Kos]off  & l’al-I’;zcr, 1993) allows OIW to chose the grid

(collocation points) xnore arbitrarily. ‘1’his  ellablc o]ie to resolve sharp transition

(like  the ionization front in the disc) more efficiently.

3. Results and Discussion

points

regions

in tllc present calculations, wc have chosen  an accrctiug prc-]nain  scqucncc  star with

a radius IL =: 2.15]/0 and a mass M. == 0.8 M@. ‘1’hc outer CIIVCIO]) of the accreting star is

assulncd  to rotate at a rate Q* == 0.1 CIK (r == IL), Solnc  other Iilodcls  have been calculat,cd

w i t h  ft. = 1.6,4.31to  and M* = 1 MO. ‘1’he accrctio;  1 mass rate was taken in the range

A4 == 5 x 10 -9 - - 10-7 Afo/y. l)iffcrcnt  values of tllc  \iscosity  ~Jaralllctcr  Q were tested ol~

tllc  models. ‘J’llc nlaili  results arc listed ill  “1’able 1. Not all tllc  ]noclcls  computed arc

prcscntcd in this work. ‘1’hc  important input parameters arc tllc lnass  of the accreting

star (coluIn  TI 2), its radius (coI.3),  tllc angular velocity at tile stellar surface (4), tlLc mass

acc.rctiol~  rate (5) and tl]c  alpha viscosity pa,ralnctm  (6). ‘1’11(!  il~lportallt  output parameters

arc the vcrt,ical  t]lickncss of tllc accrctiol~  disc in the inner rcgioll  of the disc (7), the width

of the tllcrIIml  boundary la,ycr ({, IIc region ovcrwllich  the tc]llpcraturc  iIl the innm  disc is

sigglificantly  lligllcr  tl]all tllc disc tclnperature,  CO1.8),  the width of the dynatnical  boundary

layer (rcgioll  ovcrwllicll  tllc angular velocity ill the in]lcr  disc departs from its Keplerian

value, col.9), t}lc Inaximum cflcctivc tcnlperaturc  in t)le  thcrlnal  bourldary  layer (1 O), tllc

optical clcr)tll ill tllc boundary layer (1 2), the fraction of ioniz,cd  Ilydrogcn  in t}lc  boundary

layer (11~11,  =: 1 for fully ionized a,l]d  ll~;I, == O for a neutral gas, co]. 13), the optical depth in

the disc (CO1. 14) and the fra,ction  of ionized gas in the disc (co]. 15). III all the models, the
lnid-plallc  twnl)craturc  (y;) itl the bouudary  layer rcgitm is of a few 10d K and the matter is

al~nost colnl)]ctcly  ionized. ‘1’hc maximum cfrcctivc  tCII Ipcraturc  ill tl~c boundary layer is in
the range 7’ w 5 – 6 x 103K.

For low va]ucs  of tllc viscosity paralnctcr  (a < 0.05), tllc disc (directly adjaccllt  to
tllc  ou te r  edge  o f  t]IC thcrIna~  l)o~lllda.ry  layer) is colll})lctc]y  IIcutIal with a n~id-I)lallc

tclllpc!rature  of tllc  order of a few x 1 03}{. III figure ] wc snow tllc  ]Ilid- plallc  tcrn~)crat,urc

Y; for Lllc first ]l)odcl of ‘J’able 1. ‘J’hc tllcrlnal  boundar-y  layer ex[cJ]ds  to about ().2R*,
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where a very sharp transition occurs. At Iargcr radii the tclnJwraturc  drops by an order

of magnitude. ‘1’hc  density in the boundary layer region (l{’ip,urc  ‘2) is lower by one order

of lnag]litudc  than in the inner region of the disc directly adjaccllt  to it. ‘1’his  is easily

explained since the pressure through the ionization transition region dots not vary very

much. A look at the angular velocity shows that the lnodel  in this region is still rotating

at a Kcplcrian velocity (Figure 3). ‘1’here is clearly two regions: the thermal boundary

layer completely ionized and the disc completely neutral. In figure 4 wc show the vertical

thickness H/T in the inner part of the disc. ]n tile present calculation, the ionization

transition is located about at the same place for all models, and dots not move with time. It

cannot therefore be considered as an ‘ion izaticm  front’ but rat hcr as aIl  ionization transition.

~’he opacity in the disc is very small and the disc is o~)tically  thin (T << 1). IIowever, since

the slope of the opacity (~F:/W’) is positive, the disc has eventually slig}~tly  increased its

tmmpcraturc to cool efficiel]tly.  g’he optical depth in the boundary layer region is T % 30

and incrcascs  with decreasing a. ~his is justified by the fact tl~at at a given accretion

mass rate, the relation M w v.p w crp holds. Consequently, on expects the density and the

optical dcptll  to dccrcasc (incrcasc)  with increasing (dccrc~sillg)  CY.

l?or lligl~cr  values of the viscosity parameter cr = 0.1, the optical dcpt}l in the boundary

layer dccrcascs  allnost  to oIic, the boundary layer stays allnosl  con l~)lctcl  y ionized. 1 lowcvcr,

the inner part of the disc, adjacent to the outer edge of tile tllcrlnal boundary layer,

is slightly heated by dif[usion  of energy from the boundary laycl  region, wl[ich is now

somewhat hotter than in tile case ~ s 0.01 (the boundary layer with a. smaller optical depth

cools less cfhcicntly).  ‘1’his rcgioll of the disc has now a mid-pla]lc  twn})eraturc  around 104K,

and is tllcrcforc unstable. ‘1’he IIydrogcn  is ~)artially  ionized. l)urirlg  the colnputation,

w]lic]l  arc ti]nc cicpcndcnt,  this region of the disc occasionally  julnps  temporarily into a

neutral phase. All the time dcpcndcnt  calculations relax toward steady-state through local

oscillations of ~. ‘1’hcsc oscillations are not associated with (,hc viscous instability of the

disc, since the il]stabi]ity  is not expected to appear ill  the inner part of the disc for o zx 0.1

(l)apaloizou  & Stanley 198(3).  ‘1’hcsc oscillations are just the relaxation of t]lc  lnodcl  from

tile il]itial  condition  to tile steady state. When the [;as is partially ionized and unstable,

these slnal]  anl~)litudc oscillatiolls  can cause it to ju rnp tmllporarily  into a completely

IIcutral or ionized phase.

Moclcls  with Q z 0.2 all exhibit supersonic radial infall  velocities. ‘J’hcrcfore,  wc

co]nputc  only models for lower va]ucs  of alpha,,  in agrccmcnt with tllc  viscosity prescription

dcvclopcd  froIl]  a causality forn~alism  by Na,I ayan, I,ocb  & KuInaI  (1994).

All LI]C IIlodcls  iIl t}iis work mllibit, a Imll]ldary  layer tcl]]l)cra(urc  ratllcr low, coI]sistcI\t

witl] tllc results of l~cgcv  & IIcrtout  (1995), wl)o also do IIOt usc a flux boundary  colldition
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at the i]lncr  boundary (they usc a tcmpcraturc  boundary collditioli,  while in the present
work wc usc a I)oI~-flux  condition). Simple estimates of optically tllill boundary layers

(7- = 1 ) prcdictcd  tcmpcraturc  in the range 7,000 – 11, 0001{ (Ilasri  & IIcrtout  1989;

IIartigan  ct al . 1991), assuming a = 1. However, the tcmpcraturc  of these models

appears to depend on the value of the alpha viscosity parameter. in the work of IIasri  &

Bcrtout  (1 989) two lnodcls  of DN q’au were c.alculatcd.  A first Inodcl  with Q == 1 lcd to

a 111, tcn]pcraturc  of % 11, OOOK, while the other model of DN ‘I’m, with CY = 0.1, led to

7’ M 7, 0001{. Basri & Bcrtout (1989) claimed that the resulting sl)cctra  of the models did

not show a strong dcpcndcncc  on the boundary layer tcmpcraturc.  Another agreement with

the models of 13asri  & IIcrtout is the increasing boundary layer tcmpcraturc  with decreasing

mass accretion rate (when M < 10–7&f~/y). ‘1’his  incl ease ill  the temperature is consistent

with tllc optically thin models (T = 1 ), where tile low accretion nlcjclcls  have lower densities,

and thcrcforc  a smaller optical depth. ~hcsc lnodcls cool lCSS efficiently than models with

higher accretion rates and clcnsitics,  which ha.vc a larger optical depth.

II] this work, wc have shown that the boundary layer of ‘1’’l’auri  stars can have an

optical depth of the order of onc  at low mass accretion rates, wl)cn the alpha viscosity

~)aranlctcx  is large cllougll.

‘1’hc  Cray Supcrcomputcr  (JPl,/Cal’l’cch  Cray Y-Ml’213/232)  USCCI in this investigation

was provided by funding  from the NASA OffIccs of Mission to l)lallct l~arth, Aeronautics,

and S~)acc Scicncc. ‘1’his  work was pcrfcmmccl  while tllc author held a National Research

Council  (NASA Jet l’ro~)ulsion  l abora to ry )  Rcscarcb Associatcsllip.  ‘1’his  research wm

carried out at the Jet l)rol)ulsion  laboratory, California lnstitut,c  of ‘.l’cchno]ogy,  under

contract to tllc National Aeronautics and Space Administra(io]l.
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l“ig. 1.- ‘1’he  m i d  plane tclnpcraturc  f‘~ is show]) for the first  model  of  ‘J’able 1, ‘1’hc

tclllpcralurc  is  in  Kelvin and the radius is  ill units  of It.. Ill t h e  i n n e r  (r < 1.2 R.)

tllcrlnal  boul)da.ry  layer the tclnpcraturc  is above 104 K and the Illattcr  is completely ionized.

In r~!gioll  of  the disc direct ly adjacent  to t]lc  the]  mal boundary  ]aycr  (r > 1.21/.) the

tcll)pcraturc  is of R 2000K  and the Inattcr there is ( omplctcly  neutral.

l’ig. 2---- ‘1’hc density p of the first model (ill l’able 1 ) is S}1OWII  i]] a log scale. ‘1’he units of

density arc gin/cc and the radius is in units of I?*. in the inner thcr]nal boundary ]aycr region

(r < 1.21t*) the density is significantly lower than irl the outer neutral disc (r > 1.2R*). In
the disc the density is not smooth since loca] oscillations (due to the relaxation of the model)

of M arc still present (see also text).

Fig. 3.- ‘1’IIC  angular velocity 0(?’) of the first mode] of ‘1’al)lc  1 is shown as a function

of the radius r/}t*. ‘1’hc  velocity is in units of fl~(7 == R. (tllc Kcplcrian  angular velocity

at oIlg stellar radius). ‘I)hc dynamical boundary layer is only a fcw pcrccnt of the radius

(w 0.05- 0.06).

Fig. 4,- ‘1’IIc vertical thickness of the disc 11/7’ is shown for tllc  first model of ‘1’able 1. In

t])c t]lcrllla]  bou]ldary  ]aycr the vertical tllickllcss  is rc)ug]lly  3 tiln(!s ]argcr than in the region

of tllc  disc directly adjacent to it.
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l’A1]l.11  1
BOUNDARY I.AYER MODELS FOR CLASSICAL ‘1’2’AuRI SrIARS

[1] [2] [3]

st al-

(:;) (;:;)
-. ——---- .. --—. .- —-— —

lTau 0.8 2.15
0.8 2.15
0.8 2.15

0.8 2.15
0.8 2.15
0.8 2.15

1.0 1.6

1.0 4.3

.

[’l]

(f:;)
0.1
0.1
0.1

0.1
0.1
0.1

0.1

0.1

[q [6] [7]a [8] [9]

0 p~, ) ;;:

(M~/v) :) (r) (r).—— —. —.— — — .
5.0 x 10-$’ 0.05 0.OGO.02 0.20 0.04
1,0 x 10-8 0.01 O. OGO.01 0.20 0.04
3.0 x 10-8 0.03 0.OGO.02 0.20 0.05

3.0 x 10–n 0.10 0. OGO.07 0.10 0.03
6.0 x 10-8 0.20  b 0. OGO.07 0.10 0.03
5.0 x 10-7 0.16 0.05-0.07 0.15 0.04

1.0 x 10-8 0.05 0.04-0.02 0.15 0.04

5.0 x IO-7 0.05 0.07-0.03 0.15 0.05

[10]
, ,~fo=

::1~,

6.4
6.1
5.7

6.1
6.0
6.0

5.7

4.2

.—

I 30 1. <<1 0.
1 >1 1. <<1 0.
I 35 1. <<1 0.

I 5-20 1. 20 .95
1 2-1o 1. 20 .95
I 30 1. >1 .90

I 4-1o 1. <<1 0.

r 20 1. <<1 0.

NOT  M.- [12] & [14]: the optical depth  in t,l,c Lour,dary  layer region and in the region  of tt,c disc ~rij
of iolliz.cd  IIyrfrogc*I  in t}lc  111. region  and in t}lc  disc,

&,ttOit, [13]& [15]: t}lcfracti~,, X

‘In COIUIIIII  7, the first value co~rcsponds  to J1/r in the bounclary  layer region, t}lc  second value refers to the region of the disc.  In most  of
the models 11 in l},c bouridary  layer region is larger than in the inner part of the disc, in soInc modcls, however, 11 increcses monotonously
out ward

b l~tli~ ldg~, ~alut:  of  ~ leads  to a supcmonic  radial infall  VelO~itY.

1


